Cholesterol maintains the integrity of lipid rafts. Once in the plasma membrane, cholesterol is not uniformly distributed but is preferentially confined to lipid rafts. The concept of lipid rafts was formulated more than 15 years ago and evolved from the observation that cholesterol and sphingolipids, along with specific classes of membrane proteins, form insoluble complexes following membrane solubilization with a cold mild detergent called Triton X-100 (39) . A number of descriptive terms have been proposed for the insoluble membrane fraction, including glycosphingolipid-enriched membrane domains (GEMs), detergent-resistant membranes (DRMS), and Triton-insoluble floating fraction (TIFF) (40, 50) . Cholesterol condenses the packing of sphingolipid molecules in the exoplasmic leaflet of the bilayer by occupying the spaces between the saturated hydrocarbon chains of the sphingolipids. The exoplasmic assemblage of sphingolipids and cholesterol is linked to the underlying cytoplasmic leaflet and forms a separate phase, a liquid ordered (L o ) phase. The L o phase is dispersed in the liquid-disordered phase constituting the more loosely packed fluid matrix of the membrane. Studies using photonic force microscopy in live fibroblasts determined that the size of an individual raft is about 50 nm, which implies that only a limited set of proteins is incorporated into a raft (37, 60) . Caveolae are flask-shaped invaginations of the plasma membrane found in many cell types, and they serve mainly to store and downregulate raft proteins. They usually remain attached to the cell surface but can pinch off from the plasma membrane and enter the endocytosis pathway upon encountering viral particles.
Cholesterol is required to maintain the functionality (signaling capacity) of lipid rafts. More than 100 proteins have been suggested to be associated with lipid rafts (10) . A class of proteins that has attracted much attention is that of glycosylphosphatidylinositol (GPI)-anchored proteins, heterotrimeric G proteins, and doubly acylated src family kinases. The GPI-anchored proteins are ubiquitously expressed in various tissues and encompass such functionally diversified proteins as enzymes, adhesion molecules, receptors, and surface antigens. These proteins are targeted to rafts by modification with saturated chain lipid groups, which pack well into an ordered lipid environment. Most of the membrane-spanning proteins and prenyl groups are excluded from lipid rafts. The cross-linking of receptors embedded in small raft domains results in the coalescence of rafts into larger assemblies that bring receptors into proximity with high concentrations of second-messenger molecules, thus initiating signaling cascades (51) . Binding of an antibody or ligand to human GPI-anchored proteins (CD14, CD24, CD48, CD55, or CD59) or to murine molecules (Thy-1 or Ly-6) can cause the activation of T cells as measured by cell proliferation, the production of interleukin-2, or the influx of extracellular calcium (18, 53) . The GPI anchor proved to be essential for T-cell activation, because transmembrane versions of the proteins could not transduce signals. The finding that proteins inserted only into the outer leaflet are able to initiate signaling events led to the concept of a signal transducer(s) associated with GPI-anchored proteins (23) .
Further studies convincingly showed that cross-linking of GPI-anchored decay-accelerating factor (DAF; also called CD55) with antibodies results in protein tyrosine phosphorylation and association of two protein tyrosine kinases, p56 lck and p59
fyn (48) . At present, it is accepted that signaling molecules are targeted to cytoplasmic leaflets of lipid rafts by myristoylation or palmitoylation (47) .
Treatment of cells in culture with the compound methyl-␤-cyclodextrin (M-␤-CD) results in depletion of cholesterol from the plasma membrane followed by dissociation of proteins from rafts (51) . M-␤-CD and other cyclic oligosaccharides named ␤-cyclodextrins are able to dissolve lipids in their hydrophobic cores and are very efficient at stimulating the removal of cholesterol from a variety of cells in culture (11) . The mechanism that allows cyclodextrins to remove cholesterol from cell membranes is related to their ability to reduce the activation energy for cholesterol efflux. Treatment of cells with cholesterol-sequestering agents such as nystatin and filipin or inhibition of cholesterol biosynthesis with the inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase (statins) is another approach aimed at manipulating raft constituents that results in dissociating protein from rafts. Treatment with lovastatin followed by cholesterol depletion with M-␤-CD was also used to disrupt raft integrity (21) .
Microorganisms target components of cholesterol-enriched microlipid domains (lipid rafts) as their cellular receptors. GPI-anchored proteins, cholesterol, or unidentified components of lipid rafts are utilized by several microorganisms as their cellular receptors. Uropathogenic and diarrheagenic Escherichia coli bearing Dr family adhesins (Afa/Dr adhesins) were among the first discovered to bind to a GPI-anchored DAF (CD55), a member of the complement regulatory proteins (32, 33) . Interaction between Afa/Dr adhesins and DAF leads to the formation of characteristic clusters of DAF receptor molecules around the sites of adherent bacterial cells (15, 16) . The raft marker ganglioside GM 1 , VIP/21 caveolin, and ␣5␤1 integrin were also mobilized around adhering Dr-positive E. coli (20) . Besides CD55, E. coli bearing the Afa/Dr family of adhesins recognizes CD66e (carcinoembryonic antigen [CEA]) and is able to recruit CEA-related cell adhesion molecules (CEACAM) 1 and 6 to sites of bacterial adherence (4) . DAF is also targeted by certain viruses of the family Picornaviridae and has been recognized as the cellular receptor for at least six echovirus serotypes as well as for coxsackieviruses A21, B1, B3, and B5 (3, 29, 56) . Cardiovirulent coxsackievirus strain B3 binds to the SCR-2 and SCR-3 domains of DAF, similarly to Afa/Dr adhesins. Coxsackievirus A21 binds to the SCR-1 domain of DAF but also requires intercellular adhesion molecule 1 (ICAM-1) for productive infection (46) . E. coli expressing FimH adhesin binds to CD48, a GPI-linked receptor present in the lipid rafts of mast cells (1) .
Mycobacteria, which bind to a variety of cell surface receptors on macrophages, including complement, mannose, Fc, or scavenger receptors, are also capable of interacting directly with the plasma membrane cholesterol. Rich in glycolipid, the mycobacterial cell wall contains a putative high-affinity cholesterol-binding site. It has been postulated that cholesterol may function as a direct "docking site" for mycobacteria and stabilize their interaction with membranes (36) .
Cholesterol appears to be involved in the adhesion process of Helicobacter pylori. This notion came from the observation that H. pylori is consistently found in the mucus close to the intercellular junctions of epithelial cells-the same sites characterized by high concentrations of cholesterol (17) . In addition, H. pylori and other Helicobacter species are capable of accumulating pure cholesterol in the membrane fraction from the culture medium. Proteinase K pretreatment of H. pylori prevented interactions between bacteria and cholesterol. This might suggest that proteinaceous components of the bacterial surface are involved in this process. It remains to be elucidated whether uptake of cholesterol by H. pylori protects the bacteria in the gastric environment.
Cholesterol-rich domains are also targeted by chlamydiae, which are strictly intracellular bacterial pathogens. After binding to HeLa cells, chlamydial elementary bodies remain associated with lipid rafts. It has been postulated that a putative host cell receptor for chlamydiae may reside in lipid rafts or colocalize to lipid rafts following binding of chlamydial ligand (19) . A role for GPI-anchored proteins in chlamydial binding has not been demonstrated.
Although cholesterol depletion usually does not affect microbial binding, there are a few exceptions. Plasma membrane cholesterol plays a key role in Leishmania donovani infection by affecting the function of the receptor(s) involved in the nonopsonic attachment of the parasite (38) . Depletion of cholesterol from macrophages with M-␤-CD resulted in a significant (ϳ45%) reduction in macrophage-parasite interaction relative to that with untreated control cells. The reduction in binding of the parasite to cholesterol-depleted macrophages can be reversed by replenishment of cholesterol, reinforcing the specific requirement for cholesterol in the infection process. These results show that cholesterol depletion may lead to alterations in the interaction of cholesterol with one or more of the many receptors that have been proposed to have a role in the attachment of the parasite. The early contact of Shigella flexneri with epithelial cells is initiated within lipid rafts by interaction of IpaB, a component of the bacterial type III secretion apparatus, with the mammalian surface protein CD44. Cholesterol depletion and resultant disruption of lipid rafts inhibited this interaction and decreased bacterial binding to the epithelial cells (24) . While there is no evidence that cholesterol interacts directly with Leishmania or Shigella, these findings may indicate that membrane cholesterol affects the function of surface receptors targeted by these pathogens. The modulatory role of cholesterol in the function of membrane receptors, such as the oxytocin receptor and the cholecystokinin receptor, has been demonstrated previously (14, 59 ).
Cholesterol depletion hampers microbial entry into intracellular compartments. The interaction of microorganisms with the components of lipid rafts mediates microbial uptake by phagocytic or epithelial cells. The process of entry appears to be cholesterol dependent regardless of the specific molecules in lipid rafts targeted by microorganisms. Pharmacological depletion or sequestration of plasma membrane cholesterol significantly decreases internalization. Treatment of the HeLa epithelial cell line or Chinese hamster ovary cells expressing human CD55 with M-␤-CD resulted in the inhibition of entry of uropathogenic E. coli producing Dr fimbriae (44) . Treatment of mouse mast cells with the cholesterol-binding agent filipin inhibited the internalization of FimH-expressing E. coli mediated via binding to the GPI-anchored, mannosecontaining molecule CD48 (49) . Cholesterol and GPI-anchored proteins were found to be essential for uptake of Mycobacterium kansasii by macrophages. Although internalization of M. kansasii is mediated by CR3, antibodies against several GPI-anchored proteins were found to inhibit mycobacterial phagocytosis (35) . It has been concluded that internalization of M. kansasii requires the association of CR3 with a GPI-anchored protein and relocation to a cholesterol-rich lipid raft. CR3 not associated with GPI proteins remains outside the microlipid domains and does not mediate phagocytosis of M. kansasii. Sequestration of plasma membrane cholesterol with filipin or nystatin, or cholesterol depletion with M-␤-CD, significantly reduces phagocytosis of mycobacteria. Similar findings on cholesterol requirements in murine macrophages have been reported for Mycobacterium bovis BCG (35) .
Cholesterol is also required for efficient entry of Chlamydia trachomatis. Binding of chlamydial elementary bodies to lipid rafts may lead to the coalescence of rafts into larger entities and subsequent internalization. Extraction of plasma membrane cholesterol resulted in a slight decrease in the total number of cell-associated chlamydiae and in significant (90%) inhibition of internalized chlamydiae (19) .
Studies on phagocytosis of the intracellular pathogen Brucella suis demonstrated that while cholesterol depletion or sequestration significantly decreased nonopsonic phagocytosis, this treatment did not prevent opsonic phagocytosis mediated by the Fc receptor (30) . Listeria monocytogenes is a rare example of a gram-positive pathogen that requires cholesterol-dependent lipid domain integrity for entry into nonphagocytic epithelial cells (45) . Invasion by Listeria monocytogenes is promoted by interaction of the bacterial invasion proteins internalin and InIB with the surface receptors E-cadherin and hepatocyte growth factor receptor. Cholesterol depletion with M-␤-CD prevents invasion by Listeria.
Lipid rafts are present in the plasma membranes of erythrocytes, terminally differentiated cells, and nonendocytic cells, which are targeted by vacuolar pathogens such as the malaria parasite, Plasmodium falciparum (42) . Depletion of cholesterol blocks raft assembly and inhibits the formation of new vacuoles, strongly suggesting that rafts play a critical role in establishing a parasitic vacuole. Cholesterol depletion led to a significant reduction in the number of intracellular Leishmania amastigotes due to decreased binding of parasite promastigotes to cholesterol-depleted macrophages.
Cellular infection with poliovirus (PV) is initiated by binding of the virus capsid to its cellular receptor, CD155. The binding is associated with a conformational transition in the PV capsid, which changes the sedimentation coefficient of the virion from 160S to 135S.
Removal of cholesterol with M-␤-CD resulted in inhibition of PV infection, which was partially compensated for by restoring cholesterol levels in cells. In contrast to nonenveloped viruses such as echovirus 1 and 11 or simian virus 40, poliovirus and poliovirus receptors do not colocalize to lipid rafts. Consequently, the loss of lipid raft integrity does not explain how M-␤-CD inhibits PV entry. However, treatment with M-␤-CD may affect other cholesterol-dependent cellular functions such as membrane fluidity, the electrical properties of ion channels, or cellular signaling pathways. It has been proposed that local recruitment of the PV receptor is required to catalyze the conformational transition from 160S to 135S. This process may be affected by impaired membrane fluidity due to cholesterol depletion. Entry of echovirus 11, which is mediated by interaction with DAF, is also inhibited by the lipid raft disruptors M-␤-CD and nystatin (56) .
Overall, microbial pathogens exploit a variety of mechanisms to gain access to intracellular compartments. Plasma membrane cholesterol might play a dual role in microbial internalization as a binding site for microbial pathogens and as an integrating constituent of lipid rafts providing a platform for efficient initiation of signaling cascades. The role and repertoire of signaling molecules recruited to lipid rafts in the process of microbial invasion have been characterized only for a limited number of microorganisms. The Rho family GTPase member Rac1 has recently been shown to play an essential role in the invasion of bladder epithelial cells by FimH-expressing E. coli (28) . The invasion of epithelial cells by E. coli expressing Afa/Dr adhesins triggers a signaling pathway(s) involving protein tyrosine kinases, phospholipase C␥, phosphatidylinositol 3-kinase, protein kinase C, and Rho GTPase Cdc42, leading to rearrangements of the cytoskeleton and pseudopod elongation (4, 34) . The inhibition of invasion of numerous microbial pathogens by cholesterol sequestration or depletion supports the argument that cholesterol is a key molecule involved in the invasion process.
Lipid raft cholesterol is required for viral assembly and budding and for bacterial escape. The finding that virions of influenza viruses contain large amounts of detergent-insoluble complexes confirmed the hypotheses formulated in the 1970s that viral budding could occur, not randomly, but from specialized domains in a biological membrane (43) . The influenza virus hemagglutinin glycoprotein, which mediates virus-cell attachment and membrane fusion, is targeted to lipid rafts. Mutations in the transmembrane domain of hemagglutinin reduced association with rafts, reduced budding, and significantly decreased infectivity (57) . Human immunodeficiency virus type 1 (HIV-1) buds selectively from lipid rafts and incorporates GPI-anchored proteins, such as the inhibitors of complement pathway CD55 and CD59, cholesterol, and sphingolipids into the viral envelope (31, 41) . The presence of CD55 and CD59 in the viral envelope may help the virus to avoid complementmediated lysis. Inhibition of cholesterol synthesis decreased the production of HIV-1 from infected cells. The filoviruses Ebola virus and Marburg virus, released from infected cells, incorporated the raft-associated molecule GM 1 , suggesting that viral assembly and budding take place in lipid rafts (2) . VOL. 73, 2005 MINIREVIEWS 7793 Lipid rafts also serve as a cellular location for measles virus assembly. In infected cells, measles virus proteins attach to low-density detergent-insoluble complexes that are disrupted by cyclodextrin (27) . Plasma membrane cholesterol is required to expel internalized bacteria to the extracellular environment. This interesting phenomenon has been described for E. coli expressing FimH, which mediates entry to mast cells in an attenuated phagocytic pathway. The expulsion of bacterial cells appears to depend on the level of plasma membrane cholesterol, since treatment of mast cells with M-␤-CD significantly reduces the number of bacteria discharged (49) . Cellular cholesterol affects the intracellular lifestyle of microbial pathogens. Bacterial entry into intracellular compartments might interfere with the host sterol biosynthesis pathway. Intracellular infection of macrophages or epithelial cells with Salmonella enterica serovar Typhimurium leads to cholesterol accumulation in the Salmonella phagosome (9) . At the terminal stages of infection, as much as 30% of the total cellular cholesterol resides in the Salmonella phagosome. The accumulation of cholesterol in the Salmonella phagosome was found to be linked to intracellular replication of bacteria and is presumably dependent on a Salmonella pathogenicity island (SPI-2). Interestingly, the GPI-anchored protein CD55 was recruited to the Salmonella vacuoles. The significance of this finding remains obscure. The mechanism of the striking redistribution of cellular cholesterol to the Salmonella phagosome is unknown. One can speculate that cholesterol may play a role in nutrient acquisition by bacteria entrapped within vacuoles or that the accumulation of cholesterol may prevent phagolysosomal fusion.
Mycobacteria resist lysosomal delivery, in contrast to normal phagocytosis, in which phagosomal contents are delivered to lysosomes. This inhibition of lysosomal delivery is dependent on processes affected by the mycobacteria. Living mycobacteria, once phagocytosed by macrophages, reside within organelles that contain markers of early, but not of late, endosomal compartments. Recently, a protein termed TACO (tryptophan-aspartate-containing coat protein) was identified in phagosomes containing viable mycobacteria (12) . This molecule was not present in phagosomes harboring killed bacilli or in any of the endosomal/lysosomal organelles purified from uninfected cells. TACO prevents maturation into or fusion with lysosomes, allowing the mycobacteria to survive within the phagosome. In uninfected macrophages, TACO molecules are associated with a cortical microtubule network, whereas in macrophages containing viable mycobacteria, TACO relocalizes quickly to phagosomal membranes. The process of TACO incorporation into the phagosomal membrane is cholesterol dependent. Mycobacteria entering macrophages via cholesterolenriched membrane domains are sequestered in TACO-coated phagosomes, which prevent lysosomal delivery and ensure intracellular survival.
Interference with cholesterol homeostasis modulates the course of the infectious process. The practicality of topical application of ␤-cyclodextrin (␤-CD) has recently been tested in a severe combined immunodeficient (SCID) mouse model of HIV infection in which the animals carry human peripheral blood leukocytes (HuPBLs). In these mice, vaginal transmission of HIV-1 is mediated by transepithelial migration of HIV-infected human leukocytes. Depletion of epithelial cholesterol by topical application of 2-hydroxypropyl ␤-cyclodextrin (2OHp-␤-CD) administered intravaginally prior to challenge with HIV-1-infected cells effectively blocked viral transmission without damage to vaginal mucosae (22) . It is likely that migration through the epithelium involves, as an initial step, interaction between lymphocytes and/or macrophages and epithelial cells. Clustering of lipid rafts on the cell membrane results in enhancement of cell binding and migration, while disruption of rafts with ␤-CDs diminishes cell-cell interactions and hampers cell migratory properties (55) . Moreover, cholesterol depletion results in decreased production of significantly less infectious HIV-1 virions (25, 55) . In addition, ␤-CDs might disrupt the cell signaling pathway required for transepithelial migration of HIV-infected cells (22) . Cyclodextrins have been used clinically as food additives or as molecular complexing agents that can increase the solubility and stability of some poorly soluble drugs, which have then been administered by the intravenous route (54) . Current studies indicate that 2OHp-␤-CD can be safely applied to the vaginal mucosae and is substantially less toxic than a subclinical concentration of the widely used spermicide nonoxynol-9. The HuPBL-SCID model of vaginal HIV-1 transmission might be useful for investigating cell-associated HIV-1 transmucosal transmission, as well as for screening reagents for their potential efficacy in preventing sexual HIV-1 transmission.
The drugs collectively named statins, which inhibit HMGCoA reductase in the pathway of cholesterol biosynthesis, were found to decrease intracellular bacterial proliferation (8) . Lovastatin at nanomolar concentrations reduced growth of Salmonella serovar Typhimurium 6-to 10-fold in mouse macrophages. Statins were also effective at reducing the proliferation of S. enterica in animals. Mice treated with atorvastatin 7 days prior to intraperitoneal infection contained 65% fewer bacteria in their spleens than untreated controls. This effect does not depend on lowering plasma cholesterol levels, due to very low levels of low-density lipoproteins in rodents. Experiments with the inhibitor 4,4,10␤-trimethyl-trans-decal-3␤-ol, which blocks the conversion of squalene oxide to lanosterol and subsequently inhibits the synthesis of all cellular sterols, demon- (26) . Although the mechanism of lower mortality remains unclear, it has been postulated that the beneficial effect may be related to the antiinflammatory activity of HMG-CoA reductase inhibitors.
In recent years, the concept of a "cholesterol connection" in infectious diseases has emerged from studies in the fields of microbiology and cell biology. The level of plasma membrane cholesterol appears to be critical in the regulation of microbial entry, intracellular trafficking, and exit (Table 1 ; Fig. 1 ). The feasibility of modulating the transmission or viability of pathogens by local cholesterol depletion or by treatment with HMG-CoA reductase inhibitors offers new perspectives for unconventional therapeutic intervention. Much more effort is needed to understand how interference with cholesterol homeostasis at the local or systemic level affects the host-pathogen interaction. 
